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AhstrM 

A JC c ls l rk  field applied lo a quartz plate raonntor cause 
changu in the elastic constants which a n  lead to I change in 
the frequency of the resonator. This effect, known u the 
polarizing eNat. has heen shown to be utremdy linear. We 
have used this effccl lo build a phase m d u l a t ~  with 2nd- 
brmonk dLortion that is 81 !wst 117 dB hclow the 
funlmental  nicwlulatim and kw adrkd pliasc noisf. A 
description of the nicduhtor as well as niethak of nieasurciiient 
are d i u d .  

1. INTRODUCnON 

To find the center of a runnance cuwe accurately. either phase 
nr frequency modulation tcchniquu are used to guide the servo 
11-61. As the ruolutinn requirements increase to ck, the 
requirements on the W r a l  purity of the nlodulation refercna 
and the linearity of Ihc nicxlulator. 2nd-harmonic distortion in 
sine wave modulators a n  knd to oNsd urwr. The design p n h  
for NIST-7, a new g t h l l y  pumped cesium b u m  frequcncy 
standard. is that the seryo resolve line center to an accuracy of 
I ppm. l h i s  requires that the morlulaticm reference and the 
modulator maintain 2nd-harnionic dirtortion rpproxiniately I I4 
dL3 helow the fundamental modulation I1.21. The 2nd-h;1mionic 
distortion requirements on the Jemdulrtor are approximately - 
65 dB and not a signikant p r o "  [IJ]. Traditional methods 
of phase modulation have not demonstrated such high lincirity; 
thus a new technique is required We d m i h c  a nnn type of 
small-angle analog phase modulator, h a d  on the polarizing 
c N a  in quartz resonaton, wliich is urrpthnrlly linear 17-12]. 
Measurements on three such r k v i i  show lhrt the 2nd- 
harmonic distortion is at least 117 JB below the fundamentnl 
modulatinn. The phase modulator has vely low added noise to 
as to minimize noiu contributions at the 2nd-harmonic of the 
modulation frequency 131. We also discuss the measurement 
tcchniqucs to verily this pcrformnce. 

I I .  MODUIATION ERRORS 

If phau  niodulation of the form 

A,P- B C O S ~ ~  (1) 

is used and the error detection is clone at the ludamental. 2nd- 
harmonic distortion with phase cos 2nt lads  to offset errom 
[ 1.21. Real phase d o l a t o n  have wnaU nonlincqritiu which 
generate mall compncnts of modulation at multiplu of the 
modulation frequency. Auunie that the phax  modulated signal 
applied to the resonance is of the form < -  

Contrilwution of the US. Gwernment. not ruljccl lo  copyright. 

u - u l + B ~ M - M , r i n 2 ~ + M , c o r 2 n t .  (2) 

wliere n/(2r) is the mcwlulath frequenry and o,/(ZI) is the 
avcrsge frequency of the prohe oscillator. CorfIkicnIa M, and 
M, mnlain the eNedr of Kcund hnrmonic dutcwtion in the 
nxdulalion p- undu the assumption that the raiJurl 
moclulatinn at harmonia of n in the reference signal arc m a l l  
compared lo that imrmsed hy the d u l a t c w .  Neglecting higher 
h : w "  cffcc~s and mnlinearitics in the dctstkm prcrxq the 
offset iii the error signal u [2] 

F r q u c n q  dLet - -I/2 M, (3) 

lhe NISF-7 tun, requires resolving line center to an 8CfIIr8q 
of I part in I million. Therefore the 2nd-harmonic diuwtion of 
thc phase reprysent4 hy Ma must he ku than 2 x IO'B or PI 
kant I14 dP helmr the fundmental niodulstian 1 421. 

111. I'OOLAHIZING E P F E f l  MODUlAl'OR-TIIEORY 

When 8 vihrating pieznclrark resonator is rulj~rtctl lo a dc 
elmric f i e u  AB it responds hy a change, AU in its rQonam 
frequency v 17-13]. The plarizing ef fa i  in quartz ruonatora is 
so nearly linear that it can he adequately ckscrikd using only 
the Irt- rnd 2nd-order te rm of the Taylor upinsion ahwt 
E - 0. Therefore, 

- pL AE + r,, ad. 

where 

(4A) PL - I/v(Jv/dE) at E-0 a d  

For n resonator to exhibit a polarizing el lea  there niua he a 
compc"l d E along the x-axis of the quartz resonator. 
Additional divussion including tlie cffcc~r of ion migration 
altering the sensitivity fnr dc applied electric fields are found in 
(11-13). Typical valuu for PL and Po arc on the order of IU'" 
lo  10'" and IO' to IO", reyxclively, depending on the crystal 
cut and wertvnc used [7-9]. 

Near line center the stwdy stale phase shift across a high 0 
resonator is 

64, 20 (V - v,)/w. ( 5 )  

where v is the applied frequency, w, is the rcwnance frequency 
of the ruonator. and Q is the loeJeJ quality Laor of the 
resonaliw. Thus a frcqucnry change bv in the frequency of the 
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Figure 1. Block diagram of the new phase modulator. 

resonator generated by applying an eledric field E across the 
resonator results in a phase shift 

A@ = 2Q(P, AE + Po AI?). 

1V. POLARIZING EFFECT MODULATOR-PRACTICAL 
REALIZATION 

Figure 1 shows a generalized schematic of the polarizing phase 
modulator. A balanced transformer and adjustable capacitor C, 
are used to minimize off resonance transmission. A 3rd 
overtone S c a t  5 MHz resonator was chosen because the 
polarizing coeffiient was much larger [SI and both the static and 
dynamic temperature coelficients are much better than for 
comparable A T a t  units [ 13). The resonator was temperature 
controlled in a standard crystal oven at 80°C and tuned to 
resonance by adjusting q. Tuning to resonance was determined 
by nulling the amplitude modulation observed on a detector 
diode placed at the output when a slow modulation voltage is 
applied across the resonator through R, and L,. No other 
alignment or adjustment is newsary. The isolation amplifier on 
the output of the modulator provides overall unity gain and 
removes the effects of changing loads on the tuning of the 
resonator. 

For NIST-7. a phase modulation of 0.55 mrad is required at  5 
MHz to achieve a phase modulation of 1 radian at the final 
output frequency of 9.2 G H r  The desired modulation frequency 
n / (2r )  = 49 Hz is much larger than the half-bandwidth of the 
resonator. At such high modulation frequencies the phase shift 
across the resonator becomes 

Approximately 7 V (6400 V/m) RMS is required to achieve the 
desired modulation level using a. 3rd overtone SC-cut 5 MHz 
quartz crystal and a modulation frequency of 49 Hz. This 
corresponds to a dc linear polarizing sensitivity of P, = 2.6 20.3 
x 10" m/V. Ihe difference between our data (which is about 
a factor of 5 smaller) and that found by Hruska [7.R] is prohibly 
due to the difference in the electrode pattans. cut angle. and 
the shape. The measurements of P, for a particular resonator 
can easily be made to an accuracy of a few percent with our 
technique, which is free from effects due to ion migration [I I -  
131. From the relative values of P, and Po from 181 and the 
shape of Fig. 3 we would expect that the second harmonic 
distortion due to the resonator to be approximately 126 dB 
below the fundamental. Even lower harmonic distortion would 
be erpeaed  if the modulation frequency was lower since a lower 
voltage would be required to achieve the same phase modulation 
angle. , 

0-  

Figure 2. 

where vJ(2Q) is the loaded half-bandwidth of the resonator. 

Figure 2 shows the relative amplitude of the phase modulation 
as a function of modulation frequency. These results follow Eq. 
(7) within 2 0.5 dB for modulation frequencies from 0.1 up to 
at least 400 H r  

s -  

1 1 0  1 0 0  1 FCP 

~ x x i n r i u ~  cmoutc;1 inr I 

Relative phase modulation of the output signal as a . -  
function of the frequency of modulation. The open circles are 
the predictions using Eq. (7) and the half-handwidth v , / ( 2 0 )  
measured from transmission experiments. The solid p i n t s  are 
the phase modulation levels ohtnined from phase bridge 
measurements [ 14.15J. 
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n e  added phase n o k  is m m m h a t  Iowa (typiUUy r( 100) - - 154 dBc/Ht) than the present 5 MHt oscillator. (Techniquer 
for measuring the added phaae noise of components we 
dirussed in [t4,15].) Further improvementa in the phose noise 
appear possible. The added white frequency contribution of a 
passive standard due to the p r w n t  level of added phese noise 
at the second harmonic of the modulation frequency (2n - 100 
Hz) is approximately 2 x IO *I' T . ' ~  (31. 

V. MEASUREMENTS O F  HARMONIC DISTORTION 

The dynamic range of most spectral analyzers-from 60 to 100 
dB--is not enough to observe 2nd-harmonic levels expected to be 
120 dB below the fundamental. Some filtering is therefore 
required to extend the dynamic range to this level. The general 
approach is to arrange the various testr so that the fundamental 
modulation signal is nulled against another signal by at least 40 
dB before interacting with a phase detector, spectrum anrlyzu, 
or other nonlinear device. We compared 3 different devices to 
determine the distortion charaderistia 01 each modulator. 
Figure 3 shows the test setup used to  compare the difference in 
phase modulation of two modulators. The mixer is sensitive to 
only the difference in the phase modulation level between the 
two modulators. The input reference level to one modulator is 
adjusted to achieve the required 0.55 mrad phase modulation. 
The input modulation signal to the other modulator is adjusted 
in amplitude and phase to  null the demodulated fundamental 
signal at the output of the mixer. Typical reduction of the 
fundamental was 40 to 50 dB. 

The out-of-phase distortion products between two modulators at 
frequency n/r w u e  measured by driving the second modulator 
with the output signal from the first modulator, applying 
modulation signals that are 180" of phase and using the 
unmodulated signal from the pow= splitter to drive the 
reference side of the mixer. Great care must be taken not to 
introduce spurious signals due to residual amplitude modulation 
since typical douhle balance mixers only provide 30 to 40 dB of 
AM suppression. The worst case 2nd-harmonic distortion 
between the three modulatc?n was -117 dB relative to the 
fundamental modulation. 

1 

Figure 3. Block diagram of a phase bridge nieaLurunents to 
determine the difference in phase modulation between two 
phase modulators (14,151. 

VI. CONCLUSIONS 

We have introduced a method for measuring the pdrrhing 
effect in h i g h 4  S c a t  5 MHz quartz ruonaton  for mall K 

electric fie& and found that the sensitivity and the linearity is 
in general ryeunent with the previous work at dc [ l - I t ] .  We 
have demonrtratd that this polarizing e"X a n  be used to 
make an u l t rd inur  maU angle p h a x  modulator with low added 
phase noise The second harmonic distortion was m a s u r d  to 
be. Im than -117 dB relating to the fundamental in three 
different units even though the modulation frequency was more 
than 20 timu larger UIan the half-bandwidth of the resonaton. 
Using )ow modulation frequencies, the second harmonic' 
distortion andd probably approach -140 dB relative to the 
fundamental modulation. The high linearity. low noire. and 
simplicity of the circuit combine to  make this new mal l  angle 
analog phase modulator an interesting tool in precision 
frequency metrology. 
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